It is now well established that diets rich in saturated fatty acids lead to high levels of serum cholesterol, whereas diets rich in unsaturated fatty acids tend to be associated with lower levels. The mechanism by which these changes in serum cholesterol are induced by dietary fat is not known. One possible explanation for these effects would be either inhibition of cholesterol biosynthesis by unsaturated fats or stimulation of synthesis by saturated fats. The effects on synthesis, if any, could, in turn, be either the result of a direct action of the dietary fat on the biosynthetic system or of a secondary adjustment to any change in the rate of oxidation and excretion of cholesterol and its metabolites. Alternatively, changes in dietary fat might not affect the turnover rate, but cause a shift of part of the serum cholesterol pool, either from or into tissue compartments.
It is now well established that diets rich in saturated fatty acids lead to high levels of serum cholesterol, whereas diets rich in unsaturated fatty acids tend to be associated with lower levels. The mechanism by which these changes in serum cholesterol are induced by dietary fat is not known. One possible explanation for these effects would be either inhibition of cholesterol biosynthesis by unsaturated fats or stimulation of synthesis by saturated fats. The effects on synthesis, if any, could, in turn, be either the result of a direct action of the dietary fat on the biosynthetic system or of a secondary adjustment to any change in the rate of oxidation and excretion of cholesterol and its metabolites. Alternatively, changes in dietary fat might not affect the turnover rate, but cause a shift of part of the serum cholesterol pool, either from or into tissue compartments.
Finally, the changes in serum cholesterol might reflect a primary effect not on sterol metabolism per se, but on the metabolism of lipoproteins, direct or mediated through effects on the metabolism of one or several of the moieties making up the macromolecule. These might act singly or in combination.
In the present studies we have administered cholesterol-4-14C to subjects fed liquid formula diets containing saturated or unsaturated fat and subsequently measured the specific radioactivity of plasma cholesterol as a function of time. Simultaneously, the fecal excretion of sterol and bile acid was measured by a radioactivity balance method.
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A preliminary report of these results has been published (1) .
Methods
Each of the six subjects was admitted to the Clinical Center of the National Institutes of Health for the full period of his study. After preliminary observation on a regular diet, during which the caloric requirement to maintain admission weight was established, some subjects were started on a liquid formula diet (2) providing 60%o of total calories in the form of fat, 15% as protein, and 25%o as carbohydrate. Coconut oil was used as the saturated fat in all studies. Unsaturated fat in some studies was provided as corn oil. In other studies a special sterol-poor preparation of ethyl esters of fatty acids derived from safflower oil (iodine no. 138.5) was used. ' The formula was supplemented only with iron, vitamins, cellulose wafers, and black coffee or tea. Except for some transient looseness of stool during the first few days on formula and the anticipated impatience with dietary monotony, patients were maintained over periods of weeks to months on this regimen without complication or complaint.
After at least 2 weeks on a given formula, patients received approximately 5 ,uc of cholesterol-4-14C intravenously. By this time, a stable level of serum cholesterol had been reached. The labeled cholesterol was given in the form of a complex with the patient's own serum prepared by the method of Avigan (3) . An ether solution of cholesterol-4-14C was added to powdered Celite and the solvent allowed to evaporate. A sample of 5 to 10 ml of the patient's serum was then incubated under sterile conditions with this cholesterol-coated Celite for 16 hours at 370 C with gentle shaking. It has been shown that 97% of the label incorporated into human serum in this fashion is bound in the lipQprotein fractions (3) . After ultrafiltration, pyrogen testing, and radioassay, the appropriate sample of labeled serum was administered intravenously. No reactions were encountered. Two to 3 weeks after the administration of the cholesterol-14C, the type of dietary fat in the formula was changed, and observations were continued for at least another 2-week period.
Total serum cholesterol was determined at least twice weekly (4) . Serum phospholipids (5) and triglycerides (6) were determined after the serum cholesterol level had stabilized during each dietary period. After administration of the labeled cholesterol, serum cholesterol specific radioactivity was determined daily. The latter was calculated by dividing total radioactivity extracted with 1: 1 alcohol-acetone by the net amount of cholesterol determined on another sample.
Total feces were collected directly into 1-gallon paint cans (7) over 48-hour or 96-hour collection periods, but in this report results of two 2-day collections were pooled to show an average of 4-day periods. Feces were dried in the collection cans on a steam bath, and the dry residue was powdered by shaking the sealed can containing some steel washers on a paint-shaking machine. The powder was weighed and stored at 40 C pending analysis. One-g samples were autoclaved 3 hours at 1200 C with 2 N NaOH. After addition of 75 ml of 30% ethanol, the non-, saponifiable fraction (NSF) was extracted three times from the alkaline mixture with 60 ml heptane. The combined heptane extracts were backwashed with water. The remaining aqueous phase was then adjusted to pH 2 by addition of HCO and the saponifiable fraction (SF) extracted three times with 100 ml of diethyl ether. The pooled ether extracts were backwashed with a small volume of water. Both the NSF and SF were taken to dryness and redissolved in methyl Cellosolve. Samples were dried on planchets with a series of concentric grooves that improve evenness and reproducibility of plating. All radioassays were carried out with a gas-flow counter equipped with a 0.2 mg per cm' window. Self-absorption correction factors were determined by adding cholesterol-4-14C or bile acids-"4C to various amounts of extracts of nonradioactive feces and counting in the same fashion.
Method of calculation of net sterol and bile acid excretion. Since the 4-carbon of cholesterol is not metabolized to any significant extent to CO (8) , all the metabolic products are excreted in feces in the form of nonsaponifiable lipids and bile acids. The method employed is similar to that used by Hellman, Rosenfeld, Insull, and Ahrens (9, 10) and is based on the fact that the fecal end products have specific radioactivities that closely parallel that of the serum cholesterol. This was verified in the present study as shown in Figure 1 . The values for sterol represent specific radioactivities of digitonin-precipitable material prepared from the NSF described above. All but one determination of fecal sterol specific radioactivity were done on samples collected while the patient was receiving the formula containing coconut oil, known to be quite poor in plant sterols. The small amounts of the latter ingested with the diet did not reduce appreciably the specific radioactivity of fecal sterols. The values for bile acids were those of deoxycholic acid isolated from fecal SF by reverse-phase chromatography on Celite columns according to the method of Mosbach, Zomzely, and Kendall (11) . Before chromatography it was necessary to remove fatty acids by partition between 70% aqueous methanol and heptane. The specific radioactivities of the fecal end products examined paralleled the specific radioactivity of serum cholesterol. assumed that the specific radioactivities of other fecal metabolites of cholesterol also follow the serum cholesterol curve in this fashion, the net excretion can be calculated from the total radioactivity excreted and the serum cholesterol specific radioactivity: total radioactivity in fecal fraction (counts per minute)/specific radioactivity of serum cholesterol (counts per minute per milligram) = net end-product excretion expressed as cholesterol (milligrams). The serum cholesterol specific radioactivity used for calculations was that obtained 48 hours before the close of each fecal collection period. According to Lindstedt (12) , when labeled cholesterol is administered to man, the biliary cholic acid reaches the specific activity of serum cholesterol after a time lag of 4 to 5 days, whereas deoxycholic acid equilibrates only after 8 to 10 days. Had this slower equilibration of secondary bacterial metabolites also been true for our subjects, the calculated amounts of bile acids excreted during the first two fecal collections after administration of label should have been too low. Such a systematic trend was not observed, however. First, the total radioactivity, as determined by counting dried feces, was compared with total carbon radioactivity determined by wet combustion of an equal portion and counting of 14CO2 in Hyamine-DPO-toluene in a liquid scintillation counter. The radioactivities determined by end-window counting of three different solid samples were 98%, 106%, and 107%, respectively, of the radioactivities determined on "4CO2 by wet combustion of these samples.
Second, the completeness of extraction of nonsaponifiable radioactive material was checked by counting samples of five successive heptane extracts of the alkaline saponification mixture. These contained: 20,056, 260, 92, 38, and 27 cpm, respectively. Thus, of the total radioactivity extracted, 97.2% was recovered in the first three extractions. After acidification, the radioactivity recovered in five successive ether extractions was 18 radioactivity rose slightly during the fall of serum cholesterol level and then turned down again).
The partition of fecal radioactivity between SF and NSF was relatively constant in any given patient throughout his study, but there was considerable variation from patient to patient (Table  II) . In one case (B.B.T.), over 75%o of the label recovered was found in NSF, whereas in two other cases (O.A.J. and W.F.B.) less than one-third was found in this form. The fraction of radioactivity excreted in NSF was somewhat greater on unsaturated fat (an average of 69.8%o versus 47.7% on saturated fat). The considerable output of NSF radioactivity in feces contrasts with the-small contribution of sterol radioactivity to the total found in bile by Siperstein and Murray (13) . Ancillary to the present studies the excretion of radioactivity in bile was determined in one patient undergoing biliary T-tube drainage. Bile samples were taken at 2-day intervals for 8 days after administration of the labeled cholesterol. Here bile acids contained 87 to 95%o of the total radioactivity recovered, in agreement with the results of Siperstein and Murray (13).
Even when serum cholesterol level was stable on a given formula diet, there was considerable variation in calculated absolute excretion of both sterols and bile acids in each of the subjects, even though the results were averaged for 4-day periods (see Figures 2 to 7 ). This variability was far greater than the variability due to the methods used (see Results and Table I ). Although total labeled end-product excretion varied widely from collection to collection, the fraction of label recovered as sterol was much more constant, as can be seen from the small standard errors in Table II. Total end-product excretion on the saturated-fat diet in five of the six subjects ranged between 1 and 2 g daily (mean, 1.52). The sixth subject (C.M.B.), however, showed a total daily endproduct excretion of 3.4 g on the saturated-fat diet and 5.3 g on the unsaturated-fat diet.
Total end-product excretion on the unsaturatedfat diet was lower than that on saturated fat in three cases and higher in the other three. If the 4-day averages in each diet period are treated as individual data, the mean for the unsaturated-fat period was significantly higher at the p < 0.05 level only in subject C.M.B., but significantly lower in subjects B.B.T. and W.F.B. H o :( m e a n , 0.73). In three subjects sterol excretion loo _~~~~~~~~w as higher and in two lower on unsaturated fat. l.-ocont Oi-4I--Con Oi-*4The sixth subject (C.M.B.) showed a truly re- . . c h a n g e s in end-product excretion were small and, subject are similar to those in the single case reported by Hellman and co-workers (9, 10 subject to subject, NSF accounting for 28.8 to 85.3% of total fecal products on identical dietary intakes. However, with the notable exception of C.M.B. the fractional output in NSF form was remarkably constant and characteristic for a given subject and was only slightly influenced by the nature of the dietary fat.
Applying the present methods to a study of one patient undergoing biliary drainage, we confirmed the results of Siperstein and Murray (13), i.e., 87 to 95% of the radioactivity recovered in bile resided in the bile acid fraction. This gross difference in distribution of radioactivity in bile and feces probably has a twofold origin. First, there is a considerable excretion of cholesterol across the intestinal wall in addition to the excretion of cholesterol in the bile (14) . Second, it is well known that as much as 80 to 90% of the bile acids entering the duodenum are reabsorbed along the small intestine and recirculated. Both of these factors would contribute to the observed relative enrichment of radioactivity in the sterol fraction in the feces compared with the bile. Frantz and his colleagues (15) , who have also found in a patient studied by methods similar to those used here a large fraction of the total end-product excretion in fecal sterols, attributed the low sterol contribution to radioactivity in bile reported by Siperstein and Murray (13) to an increase in bile acid turnover due to the presence of the bile fistula. The patient studied here, however, was undergoing only intermittent drainage of small volumes of bile from her T-tube, and there should not have been any drastic increase in bile acid turnover.
The calculations of net bile acid and sterol excretion are based on the assumption that the specific radioactivity of the fecal products parallels that of serum cholesterol after an initial equilibration period. The validity of this assumption was demonstrated explicitly in one subject (see Figure 1) . Other investigators have also found that the specific radioactivity of the fecal products closely follows that of the serum cholesterol (9, 10, 16) .
In discussing results, it appears to us necessary to place in a separate category the one patient (C.M.B.) whose total fecal end-product excretion was almost twice that of the patient with the next highest value. If we limit discussion at this point to the other five cases studied, the mean daily output of total end products was 1.52 g per day on the unsaturated fat diet. These values are substantially higher than the ones obtained by Spritz, Grundy, and Ahrens (17) , through direct determination of the various excretory products of cholesterol. The reasons for the apparent discrepancy are not known with certainty. Our values are close to, although slightly higher than, those reported by Moore, Anderson, Keys, and Frantz (16) , who also used the isotopic cholesterol labeling method in a series of five young male college students, finding 0.96 g per day on a butter diet and 1.14 g per day on a safflower oil diet. The two studies, however, are not strictly comparable, since the age level of the group in the present studies was considerably greater, and the series included patients with hyperlipidemia. Another difference in experimental conditions -may be the very high fat content of the formula used in the present study. Since it has been shown that high fat intakes cause an increased fecal fat excretion (18) , it is conceivable that larger amounts of sterols and bile acids are carried along the intestines when the ingested fat is not fully absorbed. The amounts of fecal solids excreted daily by the patients participating in this study ranged from 15 to 80 g, and therefore in a large number of fecal collections the amounts of solids exceeded the range of 13.6 to 39.1 g found in feces of subjects on a standard test diet containing some nondigestible solids (18) . This suggests that the fecal samples obtained in this study might have had a higher than usual fat content.
The present results focus attention on the large variations in fecal end-product excretion from collection period to collection period. When the study was initiated, collections were made at 2-day intervals, but it quickly became apparent that the variation was so large that no purpose would be served by using short collection periods, and so the 4-day interval was chosen. Even the 4-day averages fluctuated markedly during each diet period, and it is unlikely, therefore, that comparison of single 4-day collections in two diet periods can give valid data in studies of fecal end-product excretion.
In the present series, there was no consistent correlation between the effects of the dietary fats on serum cholesterol levels, on the one hand, and changes in either bile acid or nonsaponifiable lipid excretion, on the other. If the differences between the two periods are evaluated for statistical significance, taking into account the variance in results during each period, only three patients showed a significant change in total end-product excretion. In two it was a decrease and in one an increase on changing to unsaturated fat (Table  III) . If changes in end-product excretion were limited to the period of transition from one dietary fat to another (i.e., when the serum cholesterol level was changing rapidly), one could calculate on the basis of data in Table III and the approximate pool size of serum cholesterol that such changes in the rate of excretion between the plateau and transition periods should range from 100 to 600 mg per day. Such effects, if present, could have been detected in a number of cases, in spite of the large variation from collection to collection. This type of pattern could not, however, be found in the present series. In short, these studies show that there can be large changes in serum cholesterol induced by changes in dietary fat without a perceptible change in fecal end-product excretion.
For example, in subject M.V.B. over 5 g of additional cholesterol appeared in the plasma during the transition to saturated fat, yet in the 15-day period involved there was almost no change in rate of SF or NSF excretion. In subjects B.B.T. and W.F.B. about 3 g of cholesterol disappeared from the plasma during the transition from saturated to unsaturated fat; end-product excretion actually decreased during this period. It must be concluded that in these subjects there was either a decrease in rate of cholesterol biosynthesis or a redistribution of sterol between plasma compartment and tissue storage sites. Similarly, the same data show no evidence indicating an enhancement of endogenous sterol excretion due to the high plant sterol content of corn oil compared to that of coconut oil. Previous work has shown that unsaturated fats elevate the rate of cholesterol synthesis in experimental animals with concomitant shifts of cholesterol into liver (19) . Others have reported similar shifts into muscle (20) (17, 24, 25) ; others, like the present study, have utilized a "radioactivity balance" method (9, 10, 16) . The methodological problems involved in direct fecal analysis have been set forth previously by Sj6vall (26) . Since the dietary oils studied contain significant amounts of plant sterols that are excreted either as such, or after metabolic breakdown (27) (28) (29) , adequate interpretation of results of studies depending on direct analysis of fecal' metabolites requires differentiation between the excretory products from endogenous and dietary sources. Such a satisfactory differentiation has not been provided, however, in most of these studies. Spritz and his co-workers (17) , who have carefully quantified all fecal sterols and bile acids, found no correlation between the degree of saturation of a dietary oil and the rates of excretion of total cholesterol metabolites, in agreement with the results of our study. This conclusion is also consistent with the findings of Hellstrbm and Lindstedt (30) and of Steinberg and associates (31) showing no consistent correlation between the type of dietary fat and the turnover of biliary cholic acid. However, some investigators have reported that unsaturated fats increase bile acid excretion (24, 25) , others that they enhance sterol excretion (9, 10, 23) . Still other studies show evidence for small changes in both fractions (16, 29 Summary The fecal excretion of radioactive sterols and bile acids after intravenous injection of cholesterol-4-14C-labeled lipoproteins was studied in six subjects on liquid formula diets providing 607% of calories as fat. In the feces, nonsaponifiable lipids accounted for 28.8% to 84.6%o (mean, 52.9%o) of the radioactivity recovered'. The distribution of radioactivity between the sterol-containing fraction and the bile acid fraction was quite reproducible from collection to collection in any individual patient. In five of the six subjects studied the relative output of end products in nonsaponifiable form on diets containing unsaturated fat was somewhat greater than on diets containing saturated fat (average, 69.8% versus 47.7%o). This variation was not so great as the large variations in excretion pattern from subject to subject.
It was shown in the one carefully studied patient that the specific radioactivity of fecal sterol and fecal deoxycholic acid. closely paralleled the specific radioactivity of serum cholesterol. Assuming a similar relationship. to hold on the other pa-1854 tients and for all metabolic products, we calculated net excretion of sterols and bile acids from measurements of total radioactivity excreted in these two forms.
On diets containing unsaturated fat, serum cholesterol levels were in all cases lower than on diets containing saturated fat. However, there was no apparent correlation between the effects on serum cholesterol level, on the one hand, and changes in bile acid or sterol excretion, on the other.
The calculated daily sterol excretion in five subjects averaged 0.73 g per day irrespective of the type of fat in the diet. For bile acid excretion the averages were 0.79 g per day on the saturated fat diet and 0.54 on the unsaturated fat diet. Neither the differences between these means nor differences in individual subjects by paired data analysis were statistically significant. The sixth subject appeared to be unique, having a mean daily bile acid output on the saturated fat diet of 2.20 g, almost twice the next highest value observed in the group as a whole. This high excretion did not change significantly on switching to unsaturated fat (2.32 g per day). This subject's daily sterol output on saturated fat was 1.24 g per day and increased strikingly to 2.98 g per day on unsaturated fat.
For the group as a whole, however, these studies fail to reveal any consistent relation between fecal bile acid or sterol excretion changes and changes in serum cholesterol concentrations induced by dietary fats.
